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Abstract 
CO2 enhanced oil recovery (EOR) offers the potential for both increasing domestic oil production and storing 
significant volumes of carbon dioxide emissions. Laboratory scale experiments are effective methods for the 
visualization and quantification of flooding characters. In this paper a series of experiments on n-decane displacement 
by both gaseous and supercritical CO2 flooding in glass bead pack were carried out using a 400MHz magnetic 
resonance imaging (MRI) system. Images were obtained for direct visualization of the displacement procedures as 
CO2 was injected and processed to quantify the displacement parameters using image intensity analysis. Channeling 
and viscous fingering phenomena appeared obviously in the case of gaseous CO2 flooding. But there was no such two 
phase flow behavior in supercritical CO2 flooding because of the miscibility of supercritical CO2 with n-decane. 
Residual saturation of n-decane in glass bead packs was evaluated to be 32.2% for gaseous CO2 flooding and 14.5% 
for supercritical CO2 flooding. It was proved that miscible phase displacement can improve the efficiency of CO2 
flooding notably. 
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1. Introduction 
About 20 to 50% of the OOIP (original oil in place) was left behind after the primary oil recovery [1]. 
Large quantity of remaining oil are trapped in converging and diverging channels that are present in the oil 
bearing rocks by capillary forces aroused from the oil water interfacial tension because water is not 
miscible with oil. CO2 flooding is able to improve the recovery ratio of residual oil after conventional 
recovery processes evidently because the miscibility of supercritical CO2 with oil reduces the viscosity and 
the capillary forces. Although CO2 flooding has been widely used as a commercial process for enhanced 
oil recovery, few research works has been reported concerning CO2 and oil two-phase immiscible and 
miscible flow process in porous media because it is very difficult to prove whether it has reached a 
miscible state of oil with CO2 or not [2]. Although it is difficult to describe the flow and displacement 
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characters of the flooding procedures in sands or rocks by using routine experimental methods, MRI has 
been considered to be an effective and non-invasive method for the visualization of multi-phase flow in 
porous media. Romero-Zeron et, al [3, 4] visualized water flooding and polymer flooding through 
unconsolidated porous media using the unique centric scan (SPRITE) MR imaging technique and 
quantificationally described the in-situ fluid saturation distribution in rocks. Hazlett et, al [5] investigated 
the remaining oil saturation distributions and NMR relaxation characteristic following a CO2 miscible 
displacement of crude oil in San Andres crystalline dolomite cores using MR imaging. In recent years, 
studies on high pressure two phase or multiphase flow in porous media were also carried out by using MRI 
accompanying with nonmagnetic material core holders. Suekane et, al [6-8] observed the behavior of CO2 
injected water saturated porous media and measured the velocity of CO2 of water-supercritical CO2 two 
phase flow in porous rocks using an high pressure imaging cell.  
In-situ data is of great importance for the understanding of the mechanisms involved during CO2 EOR 
[9]. In this study, supercritical CO2 miscible displacement test and gaseous CO2 immiscible displacement 
test in high permeable glass bead pack were conducted. High spatial resolution MRI was applied to 
calculate fluid saturation and to qualitatively monitor the displacement processes. The main objective of 
the study was to investigate the displacement process in situ and to determine the enhanced oil recovery 
potential from the CO2 injection. 
2. MRI experiments 
2.1Apparatus and materials 
A schematic of the experimental apparatus is shown in figure 1. Gaseous CO2 was cooled down and 
compressed into liquid by the glycol bath and supercritical pump. Two middle containers built up in an air 
bath box were used for n-decane and CO2 injection separately. An imaging vessel in which glass beads 
were tightly filled in was inserted into the MRI imaging probe. The temperature in the vessel was 
controlled by a fluorinert circulator. Fluorinert (FC-40) was used as the temperature control medium of the 
imaging vessel because it contains no hydrogen atoms and has no intrusion on 1H nuclear imaging [10]. 
Backpressure was controlled by the backpressure control units. Separator for oil and gas is set at the end of 
the flow. Pressure gauges and thermocouples for monitoring were set up at different points. All the pipes 
were wrapped with insulation covering to reduce the heat loss. The MRI system is a Varian 400M NMR 
spectrometer (Varian Inc, Palo Alto, CA, USA) with a 9.4 Tesla magnet and micro imaging kits including 
a 55 mm i.d. gradient coil and a 40 mm i.d. 400 MHz 1H millipede vertical imaging probe.  
A design diagram of the imaging vessel is shown in Figure 2. The imaging vessel was made of 
polyimide with a maximum working pressure up to 12 MPa. Fluorinert flowed in the jacket between the 
inner and outer tube. Glass beads with a mean diameter of 0.2 mm were filled into the inner tube of the 
imaging vessel and packed tightly to form a cylindrical porous media sample of 15 mm in diameter and 
200mm in length. Porosity and permeability of the glass beads pack were measured before our experiments. 
The effective porosity was 36.8% and water permeability was about 13.3 Darcy. The total pore volume of 
glass bead pack sample is about 13 ml. 
2.2 Experiment procedures 
The supercritical temperature and pressure of CO2 is 31.1 °C and 73.98 bar [11]. The minimum miscible 
pressure (MMP) of n-decane and supercritical CO2 has been determined to be 73.29 bar at 35 °C [12] and 
78.94 bar at 37.8 °C [13]. In our experiments the temperature was set to 40 °C and the pressure was set to 
85 bar for supercritical CO2 miscible-phased flooding and 70 bar for gaseous CO2 flooding. Glass bead 
pack was fully saturated by n-decane and then CO2 was injected at the preset pressure and a flow rate of 
0.15 ml/min from bottom to top of the vessel. We defined the beginning of injection to be the zero point of 
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the imaging timeline.All the images were acquired with standard spin echo multi-slice scan (SEMS) 
sequence which can give high quality, artifact free images of high resolution and signal-to-noise ratio. 
3. Results and discussion  
MRI images of gaseous and supercritical CO2 flooding procedure were shown in Figure 3. We selected 
those images which were scanned at the time point of every 16 minutes to show the whole flooding 
procedures. Original MRI images were cropped into 48 pixels in width and 96 pixels in height to reduce 
redundant black background. Gray scale MRI images were converted into calibrated color images. Index 
from 0 to 255 represented the intensity of MRI images and also the proton density of n-decane. Light 
areas in the images were n-decane rich proportions of the glass bead pack. Images turned into dark 
gradually accompanying with CO2 was injected indicating that n-decane was displaced.  
As shown in Figure 3-(a) we can find CO2 channeling and viscous fingering phenomena obviously in 
the case of Gaseous CO2 flooding. Break through time of Gaseous CO2 was about 16 minutes since CO2 
plume appeared in the bottom of the FOV until it reached the top of the FOV. However there was no 
distinguished two-phase flow in the case of supercritical CO2 flooding because supercritical CO2 and n-
decane were in miscible phase status. A piston-like miscible front moved uniformly from the bottom to 
the top of the glass bead pack sample as shown in figure 3-(b). The break through time is about 192 
minutes. A longer break through time resulted high sweep coefficient and displacement rate. 
Intensity distribution of MRI images represented the proton density distribution (i.e. n-decane 
distribution) in the glass bead pack. Assume that n-decane saturation was 100% at the beginning of the 
flooding. Residual saturation of n-decane during the flooding can be estimated using the following 
equation, 
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where SR is the residual saturation during, Io is the MRI image intensity at the beginning, and If is the 
intensity at each time point during the flooding procedure.  
Mean MRI image intensity distributions and residual saturation of the two flooding procedures were 
shown in figure 4. Final residual saturation of n-decane was 32.2% and 14.5% separately in the case of 
gaseous CO2 flooding and supercritical CO2 flooding finally. 
Displacement coefficient of gaseous and supercritical CO2 flooding was also estimated with the 
following equation, 
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where E is the displacement coefficient, SFR is the final residual saturation and SO is the original saturation 
of n-decane which was assumed to be 100%. Displacement coefficient was estimated to be 67.8% for 
gaseous CO2 flooding and 85.5% for supercritical CO2 flooding. 
4. Summary and Conclusion 
MRI was proved to be an effective technique for the investigation of CO2 flooding procedure in glass 
bead packs. Gas channeling and viscous fingering phenomena was obvious in gaseous CO2 flooding but 
unnoticeable in supercritical CO2 flooding because of the miscibility of n-decane and supercritical CO2. 
The final displacement rate was under 70% in the former but beyond 80% in the latter for the sweep 
coefficient of miscible phase displacement was higher than that of immiscible phase displacement. 
Supercritical CO2 flooding exhibits higher total oil recovery than gaseous CO2 flooding. 
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Figure 1. Schematic of experimental apparatus 
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Figure 2. Vertical-sectional diagram  of the imaging vessel  
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Figure 3. MRI images of gaseous CO2 flooding (a) and supercritical CO2 flooding (b) procedures 
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Figure 4. Intensity distribution and n-decane residual saturation of gaseous CO2 and supercritical CO2 flooding 
